The dielectric and conduction behavior of SrTiO 3 thin films deposited on a SrTiO 3 single-crystal substrate is studied. Without dc bias, an obvious dielectric ''defect mode'' in the dielectric loss is observed in the temperature range of ϳ100-200 K; however, no noticeable corresponding dielectric constant peak is observed. By applying a high dc bias ͑у40 kV/cm͒, a dielectric constant peak with frequency dispersion appears in the same temperature range, the dielectric loss is increased, and simultaneously high dc conduction is observed. The induced dielectric constant peak is related to dc conduction and attributed to the coupling effect of the mobile carriers with the dielectric defect mode. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1389771͔ High quality SrTiO 3 thin films, with high field-tunable dielectric constant and low loss, are highly desirable for developing the frequency agile electronic devices, such as microwave filters, resonators, and so on.
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1,2 It is found that the dielectric loss of SrTiO 3 thin films is increased by more than an order of magnitude from that of a bulk crystal, and that the dielectric constant is lower ͑about 1000͒. [3] [4] [5] [6] [7] Much effort has been devoted to reducing the dielectric loss. Recently with the progress in the preparation process of thin films, especially by pulsed laser deposition, high quality thin films have been prepared, with high max and low loss tan ␦. 8 However, additional dielectric loss peaks with frequency dispersion were observed, for example, dielectric loss peaks in thin films deposited on SrTiO 3 or LaAlO 3 single-crystal substrates occurred around 150 or 70 K ͑at 1 kHz͒, respectively. 8, 9 This increases the dielectric loss in the corresponding temperature range.
In a previous letter, 10 we reported the dielectric behavior of high quality SrTiO 3 thin films with a high dielectric constant maximum max (ϳ2280) and a low dielectric loss tan ␦ (ϳ10 Ϫ3 ) under high dc biases. However, we found that some samples having a lower dielectric constant maximum max (ϳ1000) and higher dielectric loss tan ␦ (ϳ10 Ϫ2 ) display a dramatic increase in the loss under dc electric fields. In this letter, we discuss the dielectric behavior of these SrTiO 3 thin film samples under dc biases.
SrTiO 3 thin film samples with thickness of 1 m were prepared by the pulsed laser deposition technique on SrTiO 3 single-crystal substrates. The samples adopt a parallel-plate capacitor structure, i.e., a Au/SrTiO 3 thin film/ SrRuO 3 /SrTiO 3 single-crystal substrate. The complex dielectric permittivity was measured using an HP 4284A meter with an ac field of 100 mV/m. The temperature dependence of the dielectric properties was measured in a cryostat system ͑ADP202 cryostat͒ in the temperature range 12-300 K. The dc voltage was applied to the sample and a blocking circuit was used to separate the high dc voltage from the HP4284A meter.
The temperature dependence of the dielectric constant and dielectric loss tan ␦ for the SrTiO 3 thin film is shown in to the increase in . The relaxation rate derived from the temperature dependence of the imaginary part of the permittivity for the sample is plotted in the inset of Fig. 1͑a͒ . The data were fitted to the Arrhenius law,
where v 0 is the relaxation rate at infinite temperature, E the activation energy for relaxation, and T is the temperature. APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 6 6 AUGUST 2001 uted to the coupling effect between the dipoles and the soft mode of the host lattice of SrTiO 3 , This loss peak is suppressed and finally disappears with increasing dc bias. However, an interesting characteristic of the loss peak is that the temperature of the dielectric constant maximum is independent of dc biases. In the present work, in the absence of a dc bias and at low dc biases (Eр20 kV/cm), the dielectric loss peak observed around 150 K has the same physical nature as that reported in Ref. 10 . However, at higher electric fields (Eу40 kV/cm), interestingly, an obvious dielectric constant peak with frequency dispersion appears in the temperature range where mode I occurs, as shown in Fig. 2 . This is quite different from the results reported in Ref. 10 , in which no noticeable dielectric anomalies occurred in the dielectric constant up to 80 kV/ cm. It is seen that the induced dielectric constant peak is strongly frequency dispersive. At 10 5 Hz, the peak almost disappears. This indicates that the induced dielectric constant peak is probably related to a low frequency relaxation process that originated from dc conduction.
In order to study the physical mechanism of the induced dielectric constant peak, the frequency dependence of the dielectric constant , the imaginary part ͑Љ͒ of permittivity, and ac conductivity ( ac ) under different dc biases of 10, 60, and 80 kV/cm is plotted in Figs. 3-5, respectively. As shown in Fig. 3 , at 10 kV/cm, is almost independent of frequency in the frequency range of 10 2 -10 5 Hz, similar to the observation at 0 kV/cm, the imaginary part of the permittivity Љ is also independent of frequency in the range of 10 2 -10 4 Hz, and ac increases monotonically with increasing frequency. This is consistent with that observed in most insulating dielectric materials.
At 60 and 80 kV/cm, shown in Figs. 4 and 5, exhibits a dramatic drop with increasing frequency in the low frequency range of 10 2 -10 4 Hz. The slope of Љ versus frequency ͑f ͒ is found to be near Ϫ1 in the low frequency range. According to dielectric physics, the dielectric loss tan ␦ mainly consists of two contributions, one from the dielectric polarization relaxation process tan ␦ relax , and the other from dc conduction tan ␦ dc . So tan ␦ dc can be expressed log f ͒ is Ϫ1. In Figs. 4 and 5 , the log dc Љ -log f plot with a slope value near Ϫ1 at lower frequencies indicates that the dc conduction contribution is predominant.
On the other hand, as shown in Figs. 4 and 5, ac is almost independent of frequency in the range of 10 2 -10 4 Hz and only as frequency exceeds 10 4 Hz, does ac increase with increasing frequency. This also indicates an obvious dc conduction contribution at low frequencies. The ac conductivity can be described as
where s is a constant ranging from 0 to 1. The frequencyindependent part of ac gives rise to dc ϭ4ϫ10 Ϫ5 and 15 ϫ10 Ϫ5 (⍀ cm͒ Ϫ1 at 60 and 80 kV/cm, respectively. The values indicate that the dc current increases with increasing electric field.
The above results indicate that the dielectric constant peak induced by the dc bias is closely related to dc conduction. According to dielectric physics, the existence of dielectric loss peak-mode I implies a corresponding peak. However, at low electric fields (Eр20 kV/cm) in this work, no visible dielectric anomaly in appears. This is due to the intensity of such a peak that is too small to be observed below 20 kV/cm. A possible explanation for the high dc bias induced peak is that the concentration of electrons in the sample is greatly enhanced under high dc biases, and that the electrons strongly couple with the existing dielectric peakmode I, and thus lead to the obvious dielectric peak in . A similar explanation of the ''electron-defect-mode'' coupling model was also reported in La doped BaTiO 3 ͑Ref. 11͒ and Bi doped SrTiO 3 .
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Compared with the data, max (ϳ2280) and tan ␦ (ϳ10 Ϫ3 ), of the SrTiO 3 thin films without dc bias in Ref. 10 , the sample in the present work has lower max (ϳ950) and higher tan ␦ (ϳ10 Ϫ2 ). A question arises then as to whether the reason is the same for the lower max and higher tan ␦ under zero bias, and also for the occurrence of the dielectric constant peak under high dc bias. It is known that the dielectric constant is lower and the dielectric loss is higher in SrTiO 3 thin films than that observed in bulk single crystals. [6] [7] [8] It is commonly recognized that several possible factors in thin films, including defects, oxygen vacancies, high strain, interfacial layers, and nonstoichiometry, are the main reasons. 13, 14 In this work, it is reasonable to assume that there is a high density of oxygen vacancies, as well as poor interfacial layers. These factors result in lower max . Furthermore, the ionization of oxygen vacancies produces weakly bonded electrons, which leads to high leakage current and increases the loss tan ␦. Under high dc biases, similar to the description in the electrical breakdown theory for dielectric materials, the weakly bonded electrons become more mobile, and the concentration of the electrons is increased, and thus contributes to the high dc conductivity. Consequently the coupling effect of electrons with the dielectric defect mode leads to the occurrence of the dielectric peak in .
In conclusion, we have observed dc bias induced dielectric relaxation behavior and high dc conduction in SrTiO 3 thin films under high dc bias. The induced dielectric constant peak is tentatively attributed to the coupling effect of mobile carriers with the dielectric defect mode.
